Calmodulin concentration and cAMP-dependent protein kinase activity were simultaneously determined on ram spermatozoa collected by cannulation of successive segments of the epididymal tubule. Epididymal transit was characterized on one hand by an overall decrease in the calmodulin level and on the other by a dramatic rise in the cAMP-dependent protein kinase activity. In contrast to the calmodulin level, the cAMP-dependent protein kinase activity was correlated with the acquisition of flagellar beat. No further alterations in the level of these two proteins could be detected as spermatozoa acquired progressive motility.
Introduction
Considerable information is now available concerning the regulatory mechanisms of some of the main biological events which are specific to mammalian spermatozoa. It is now well established that intracellular Ca2+ and cAMP are involved in the regulation of these processes. In particular, the antagonist action of intracellular Ca2+ and cAMP on sperm motility substantiates the hypothesis of a concerted regulation of flagellar beat by these two ubiquitous messengers (Tash & Means, 1982 .
The action of cAMP and Ca2+ is mediated through their binding to specific proteins: the regulatory subunit of the cAMP-dependent protein kinase (protein kinase A), and the calcium binding proteins, respectively. Protein kinase A and calmodulin have been characterized in sperm extracts (Hoskins, Casillas & Stephens, 1972; Garbers, Hansbrough, Radany, Hyne & Kopf, 1980; Feinberg et ai, 1981) and localized within the cells by indirect immunofluorescence (Jones, Lenz, Palewitz & Cormier, 1980; Feinberg et ai, 1981; Tash & Means, 1982) . Moreover, it has been shown (Feinberg et ai, 1983 ) that a decrease in calmodulin content occurs during spermatogenesis whereas the cAMP-dependent protein kinase activity increased during epididymal maturation of spermatozoa. Pariset, Roussel, Weinman 8c Démaille (1983) have demonstrated that the extractable cAMP-dependent protein kinase activity is positively correlated with the percentage of motile cells in samples of human semen.
The acquisition of fertilizing ability in mammalian spermatozoa depends on alterations that occur during epididymal transit. The corpus epididymidis is a critical region, especially for the development of fertilizing ability and sperm motility (Dacheux & Paquignon, 1980;  Orgebin-Crist, Olson & Danzo, 1981) . It was therefore felt that changes in the intracellular levels of calmodulin and protein kinase A activity might reflect the ontogeny of calcium and cAMP regulations during sperm epididymal maturation. We have therefore determined total calmodulin and protein kinase A activity levels in sperm samples collected from successive segments of the epididymis.
Materials and Methods
Sperm cell preparation. Epididymides were obtained from 7 adult rams (Ile-de-France) during the breeding season. Sperm samples from 10 different segments of the epididymis were collected by perfusion of small areas of the organ by the method described by Dacheux (1980) . The samples were diluted in Krebs-Ringer-bicarbonate (KRB) (Imai, Niwa & Iritani, 1977) , to a final concentration of 107 spermatozoa/ml. Motility determination. The motility of the spermatozoa was estimated on aliquants as the percentage of motile spermatozoa after a 10-min incubation at 37°C in a 0-1 mm depth cell before agglutination has begun (Dacheux, Paquignon & Combarnous, 1983) . This value was determined by Doppler velocimetry using the SORO 200 spectrokinesimeter (SORO Arcueil, France), as described by Dubois et ai (1975) and Dacheux et al. (1983) .
The sperm samples were centrifuged for 10 min at 1200^a t room temperature and the sperm pellet was quickly frozen and kept at -70°C until assay which was performed within a few days. In a separate experiment, sperm motility induction was investigated according to the methods previously described (Dacheux & Paquignon, 1980) . Spermatozoa collected by cannulation and perfusion from the rete testis, caput and cauda epididymidis of 2 adult rams (Ile-de-France) were incubated in citrate-bicarbonate-egg yolk buffer in the presence of 5 µ -caffeine or in KRB for 10 min at 37°C. At the end of the incubation period, aliquants of the different sperm suspensions were scored for motility as described above. Meanwhile, the sperm suspensions were centrifuged at 1200 g for 10 min and the pellets were immediately frozen and stored at -70°C until assay.
Materials. Histone II AS mixture from calf thymus and cAMP were from Sigma Chemical Co. (St Louis, MO, U.S.A.), P81 phosphocellulose and 3MM papers from Whatman Inc. (Clifton, NJ, U.S.A.). Theophylline was a gift of Bruneau Laboratories (Paris, France). [ -32 ] was prepared according to Glynn & Chappell (1964) using carrier-free [32P]orthophosphoric acid purchased from New England Nuclear (Boston, MA, U.S.A.). Myosin light chains were prepared from rabbit skeletal muscle myosin according to Perrie & Perry (1970) . The phosphorylatable light chain was purified and freed from contaminating calmodulin from the whole light chain fraction as described by Maita, Umegane, Kato & Matsuda (1980) . Light chain kinase from skeletal myofibrillar myosin was extracted from canine leg muscles and partly purified by ion-exchange chromatography on DEAE Sepharose using the procedure described by Walsh, Vallet, Cavadore & Démaille (1980) ; it was found to be strictly Ca2+-dependent and specific for calmodulin that could not be substituted by other calcium-binding proteins, such as troponin C and parvalbumin. Ram testis calmodulin was purified by the method of Autric, Ferraz, Kilhofer, Cavadore & Démaille (1980) . All other reagents used in this study, purchased from Merck Inc. (Darmstadt, West Germany), were of the highest grade available. Sperm homogenization. Sperm pellets were thawed and resuspended to 2 x 10s spermatozoa/ml in ice-cold 15 mM-2-mercaptoethanol, 4 mM-EDTA, 15 mM-Tris-HCl buffer, pH 7-5, containing 0-2 mM-phenylmethylsulphonyl fluoride and 10 units aprotinin/ml as antiproteolytic agents. The suspension was then homogenized with a glass homogenizer and sonicated at 25 W for nine 15-sec bursts.
Calmodulin assay. Calmodulin was assayed in each sperm homogenate after trichloroacetic acid treatment (Haiech, Klee & Démaille, 1981) . The concentrations of CaCl2 and trichloroacetic acid in the sonicate were adjusted to be 5 mM and 4% (w/v) respectively. The suspension was allowed to stand for 5 min on ice and then neutralized by addition of 1 M-Tris. Finally, the 25 000 g 30 min supernatant was assayed for calmodulin by the activation of myosin light chain kinase in the presence of calcium according to Le Peuch, Ferraz, Walsh, Démaille & Fischer (1979) .
Protein kinase A assay. Total protein kinase activity was measured on 20 pi samples of the 25 000 g supernatant of the sonicate in a final volume of 70 µ with histone II AS mixture from calf thymus as a substrate, in the following incubation medium: 4-2 mg histone II AS/ml, 0-3 mMethylene glycol-èw-i-aminoethyl-ethe^-^/V'-tetraacetic acid (EGTA), 3 mM-theophylline, 0-7 mMdithiothreitol (DTT), 4-3 mM-magnesium acetate, 7-1 mM-sodium fluoride, 7-14pM-cAMP and 0-14 -[ -32 ] (200 d.p.m./pmol), 35 mM-phosphate buffer, pH 7-0. At the end of the 8-min incubation period at 30°C, 50 µ of each incubation medium were transferred to P81 phosphocellulose filters (1x2 cm). Papers were washed according to Witt & Roskoski (1975) and the radioactivity was determined on each filter by liquid scintillation counting. The protein kinase activity was defined as 32P04 incorporated per min from [ -32 ] into histone between otherwise identical assays performed in the presence or absence of cAMP. The activity of cAMPindependent kinase was measured by performing an otherwise identical assay in the absence of cAMP. cAMP-dependent protein kinase activity was defined as the difference between the total kinase activity (assay with cAMP) and the cAMP-independent activity (assay in absence of cAMP). Determinations were performed in duplicate on serial dilutions of each sample until a plateau for the enzyme activity was reached, to eliminate any interference due to the presence of inhibitors in the original sample.
Results
The percentage of motile spermatozoa in the cell populations collected from different regions of the epididymis of 6 animals is shown in Text- fig. 1 . The motility pattern, as observed by microscopic observation of the samples, showed qualitative changes correlated to the origin of the different sperm samples. For spermatozoa from the posterior caput, the only detectable movement was a flagellar oscillation and very few (1%) spermatozoa showed progressive movement, even after a 10min incubation at 37CC. For spermatozoa from the corpus epididymidis, the vibration of the flagella increased and the gametes moved with a circular or irregular pattern of progression. The head exhibited a rotatory movement out of phase with the flagellar beat. A forward progression and straight line movement of the gamete appeared in zones 8, 9 and 10. Values are the mean + s.e.m. of the measurements made on 6 rams. The drawing shows the epididymal segments from which spermatozoa were collected by cannulation. Segments 1-4 correspond to the caput, 5-7 to the corpus and 8-10 to the cauda epididymidis.
As shown in Text- fig. 2 , sperm calmodulin level and cAMP-dependent protein kinase activity varied during epididymal transit. The maximum concentration of intracellular calmodulin was reached in spermatozoa collected from segments 2 and 3 of the ram epididymis. The value then decreased in spermatozoa collected from subsequent segments of the epididymal tubule. By contrast, the sperm-extractable cAMP-dependent protein kinase activity greatly increased between spermatozoa collected from regions 3 and 5 of the epididymis. The kinase activity remained steady in spermatozoa collected from segments 6-10. The increase in the cAMPdependent protein kinase activity was associated with a progressive rise in the ratio of the protein kinase activity recorded in the absence ( -) and presence ( + ) of 10 µ -cAMP, the lowest (0-18) and highest (0-58) values being obtained in segments 1 and 9 of the epididymis respectively (data not shown). The sperm calmodulin concentration and cAMP-dependent protein kinase activity both varied as a function of the percentage of motile spermatozoa in the different samples. For example, sperm samples with a motility index of about 10% exhibited the highest calmodulin levels and the lowest kinase activities, whereas high motility samples showed the lowest calmodulin concentrations and the highest kinase activities. A linear correlation could not be demonstrated between the calmodulin level and the motility index of the sperm samples (Text- fig. 3 ). However, a positive correlation was demonstrated between the motility index (up to 35%) and the cAMP-dependent protein kinase activity (r = 0-90, = 21, as determined by the least squares method).
In an abnormal animal, in which epididymal transit was not associated with any detectable acquisition of sperm motility, the calmodulin levels followed the same pattern of change during epididymal transit as in the control animals, but there was little increase in the kinase activity (Text- fig. 4 ).
The initiation of flagellar motility of spermatozoa from the rete testis or caput epididymidis by incubation in the citrate-bicarbonate-egg yolk buffer caffeine medium was associated with an increase in the cAMP-dependent protein kinase activity and a rise in the cAMP(-)dí cAMP( + ) protein kinase activity ratio (Table 1) . 
Discussion
Our results show that the activities of both calmodulin and protein kinase A change dramatically in ram spermatozoa during epididymal transit, at this time of sperm maturation when motility patterns also change dramatically (Dacheux et ai, 1983) . The changes in calmodulin and protein kinase activities confirm the observations made by Feinberg et al. (1983) . The data must be viewed in the light of current dogma which believes the sperm cell to be essentially inert with respect to protein synthesis and degradation. Several pieces of evidence demonstrate that the patterns of activity observed did indeed reflect changes in the total cellular activity of both calmodulin and protein kinase A. Determinations of levels of either were in all cases identical when performed on sperm sonicates or extracts (data not shown). Moreover, the strictly calmodulin-specific enzymic assay was performed on cell homogenates after a 4% trichloroacetic acid treatment. In these experimental conditions, the affinity of calmodulin for calcium was decreased and most of the potential interfering proteins were denatured.
Calmodulin, which was thus freed from enzyme systems or cell organelles, could be selectively solubilized by the addition of base to a neutral pH. Moreover, preliminary controls showed that, on homogenates of spermatozoa collected from different segments of the epididymis, the TCA treatment of the sonicates ensured a nearly quantitative extraction of calmodulin. It was found that, in all cases, only a very low amount of calmodulin ( < 4% of the total calmodulin content) could be recovered after solubilization of the final 25 000 # pellet in the presence of 100 mM-KCl and 1% Triton X-100. Therefore, as observed by Kakiuchi et ai (1982) , changes in the calmodulin levels could not be accounted for by the translocation of calmodulin between the soluble and particulate fractions.
It is known that the protein kinase A system involves a catalytic subunit C, mostly soluble, and a regulatory subunit R, mostly particulate; the C subunit is active when soluble and free, but in the absence of cAMP it binds to the R subunit to form an inactive complex RC, also mostly particulate; in the presence of cAMP, the RC complex dissociates, thereby liberating the C subunit which becomes active once more (see Horowitz, Toeg & Orr, 1984) . No significant differences in the intracellular cAMP levels could be observed in spermatozoa collected from successive segments of the epididymis. The changes observed in the protein kinase A activity could not therefore be accounted for by changes in cAMP-induced dissociation (and solubilization) of the catalytic subunit C from pre-existing bound RC complex.
Clearly, therefore, during sperm maturation there is an abrupt and large decrease in calmodulin activity, and an even greater increase in protein kinase A activity. Much experimentation will be required to explain this. The decrease in calmodulin activity could be due to selective protein degradation, to selective loss (release) from the sperm cell, or to an hitherto unknown form of sequestration.The increase in protein kinase activity could result from hitherto unsuspected denovo synthesis of specific protein, or from specific protein modification. The increase of both the cAMP-dependent activity (RC) and the ratio of cAMP(-):cAMP( + ) activity (C/RC + C) indicate that the R and C subunits are involved, but the changes can apparently be induced within about 10 min (see Table 1 ; dramatic increases in protein kinase activity were noted after only 10 min incubation of spermatozoa in citrate-bicarbonate-egg yolk medium). This latter observation would seem to preclude the involvement of de-novo protein synthesis.
The maturational acquisition of motility takes place in two phases. The onset of flagellar beating is seen as the spermatozoa pass through the anterior part of the corpus epididymidis, whereas the progressiv^motility pattern develops as the spermatozoa enter the distal region of the cauda epididymidis. While the development of the progressive motility pattern occurs without any detectable change in the protein kinase A activity, the onset of flagellar beating is closely related to the dramatic increase in the activity that occurred when spermatozoa entered the corpus epididymidis. The direct involvement of the cAMP-dependent protein kinase activity in generating flagellar beat is substantiated by the fact that no increase in the kinase activity could be detected in the low motility sperm samples collected from the abnormal animal. In addition, the induction of motility in vitro in spermatozoa from the rete testis or caput epididymidis was associated with a marked increase in the enzyme activity.
The present data would fit with previous observations made by Tash & Means (1982) demonstrating a close correlation between cAMP-dependent stimulation of flagellar motility and enhanced phosphorylation of specific sperm proteins. In addition, Kakar, Means & Tash (1983) have suggested that the control of flagellar motility might well be mediated through the cAMPdependent specific phosphorylation of an ubiquitous flagellar protein of molecular weight 55 000.
A concerted regulation of sperm motility by calmodulin and cAMP-dependent protein kinase activity has been postulated by Tash 8c Means (1982) . In addition, these authors provided data in agreement with an inhibitory role of calmodulin in the sperm flagellar beat. Indeed, an inverse relationship between the motility index of the different sperm samples and sperm intracellular calmodulin concentration can be shown from our data. However, comparison of the pattern of sperm calmodulin levels between the abnormal and normal rams seems to rule out a threshold effect of sperm calmodulin concentration determining the onset of flagellar motility.
